Multiple sequencing of genomes belonging to a bacterial species allows one to analyze and compare statistics and dynamics of the gene complements of species, their pan-genomes. Here, we analyzed multiple genomes of Escherichia coli, Shigella spp., and Salmonella enterica. We demonstrate that the distribution of the number of genomes harboring a gene is well approximated by a sum of two power functions, describing frequent genes (present in many strains) and rare genes (present in few strains). The virtual absence of Shigella-specific genes not present in E. coli genomes confirms previous observations that Shigella is not an independent genus. While the pan-genome size is increasing with each new strain, the number of genes present in a fixed fraction of strains stabilizes quickly. For instance, slightly fewer than 4,000 genes are present in at least half of any group of E. coli genomes. Comparison of S. enterica and E. coli pan-genomes revealed the existence of a common periphery, that is, genes present in some but not all strains of both species. Analysis of phylogenetic trees demonstrates that rare genes from the periphery likely evolve under horizontal transfer, whereas frequent periphery genes may have been inherited from the periphery genome of the common ancestor.
A
nalysis of sequenced bacterial genomes shows broad variability of their size and content, even for closely related strains. For instance, only 39% of the combined, nonredundant set of proteins were common for three initially sequenced Escherichia coli strains (1) . To characterize a bacterial species genome based on genomic sequences of different strains, a pan-genome approach was suggested (2) . The pan-genome is the total complement of genes from all sequenced strains of the same species (2), genus (3), or a larger group (4) . The pan-genome consists of three parts: the universal genome with genes common for all strains, the unique genome with strain-specific genes (known as ORFans), and the periphery (genes that are present in a subset of strains) (4) .
In most studied bacterial species, the gene content of strains varies widely, and each additional sequenced strain adds new genes to the pan-genome. The E. coli pan-genome is open, i.e., far from saturation (5) . An example of a closed pan-genome is that of Bacillus anthracis. It does not increase after taking into account the first four genomes (2) . This agrees with the observation that B. anthracis is a recently emerged species that has a low genome variability primarily limited to virulence plasmids (6, 7) . The pangenome of Salmonella enterica can be tentatively defined as closed, because the number of new genes brought by each particular strain genome is not large relative to the average genome size (8, 9) .
E. coli and S. enterica are close relatives. The last common ancestor of E. coli and S. enterica existed about 100 million years ago, as estimated by using the protein clock model (10) . Multilocus sequence typing data suggested that distinct Shigella spp. (S. boydii, S. dysenteriae, S. flexneri, and S. sonnei) are pathogenic strains of E. coli that originated independently in at least seven waves (35,000 to 270,000 years ago) and evolved convergently to acquire the "Shigella phenotype" (11) . For comparison, the last common ancestor of E. coli K-12 and E. coli O157:H7 lived about 4.5 million years ago (12) . All Shigella spp. have similar phenotypic features (they are nonmotile, obligate pathogens and have similar metabolisms) that have been the basis for initially describing them as a separate genus (13) , and for pragmatic reasons these organisms remain classified in separate genera (14) .
The use of extrapolation to estimate the pan-genome size for bacterial groups (5, 15) should be taken with a fair degree of caution. Strain sampling is uneven because pathogenic strains provoke stronger interest of the scientific community, and their genomes are overrepresented for some bacterial groups (16) . The other reason is a large fraction of uncultivated strains in many bacterial groups (17, 18) , as under modern sequencing technologies, the genomes of uncultivated strains are still underrepresented in the genome databases. The same applies to the estimates of the core genome size, but in this case the problem is less drastic as the core genome is almost saturated for many bacterial groups. Here, we suggest an approach that provides a robust estimate of the pan-genome composition.
Although pan-genome analysis was performed for several bacterial species, only few very recent studies consider more than a single prokaryote group (see, for example, reference 19). Here, we compare the pan-genomes of two groups, E. coli plus Shigella spp. and S. enterica, demonstrate the existence of the common periphery in these pan-genomes, and discuss its possible evolutionary history.
MATERIALS AND METHODS
Strain genome sequences. Available (as of 1 September 2009) complete genome sequences of 48 strains of E. coli, Shigella spp., and S. enterica were used for the construction of ortholog groups (OGs). The genomes were taken from the NCBI Genome database (ftp://ftp.ncbi.nih.gov/genomes/ Bacteria/) and are listed in Table S1 in the supplemental material.
Construction of OGs. OGs were constructed as follows. Bidirectional best hits (BBHs) were constructed for each pair of strains using BLASTP (20) . BLASTP results with identities of Ͻ50% or coverage of shorter sequence Ͻ67% were ignored. At the next step, if two paralogs were more similar to each other than to either BBH partner, both paralogs were added to the OG. Then, maximal connected components were constructed. This was done using ad hoc software based on the Relational Database Management System (RDBMS) ORACLE Express Edition.
Modification of OGs. Ortholog tables were modified to remove genes of viral, insertion sequence, transposon origin, and hypothetical genes. If an OG contained a gene from a phage-or mobile element-related GO category, or annotated with terms associated with phage or mobile elements, the group was filtered out. In addition, we removed groups where all genes had the standard annotation "hypothetical protein" and none was assigned a GO function.
To account for possible misannotations (21), we used TBLASTN. Sequences with Ն50% identity (amino acids) with coverage Ն67% were annotated as genes encoding hypothetical protein. Start/stop codon existence was not checked. Hence, recent pseudogenes were accepted as genes.
GOstat analysis. Each OG was assigned with GO terms linked to all constituent genes. Functional analysis was performed using the GOstat web server (22) . Both overrepresented functional categories (GOterms) with an E value Ͼ0.1 and underrepresented ones were ignored. Manual curation was applied to eliminate nonunique terms and select the most illustrative categories (for instance, if a "cobalamin biosynthetic process" term was found, we removed the more general "cobalamin metabolic process" one).
Trees. Phylogenetic trees were constructed for all modified OGs. Sequences found by tblastn were ignored. Amino acid sequences were aligned by CLUSTAL W (23) . Trees were constructed using the PhyML software (tree topology, branch length, and substitution rate parameters were optimized; the tree topology search operation option was the best of NNI and the SPR search) (24) and rooted at midpoint using the BADASP software (25) . Trees and unrooted trees were analyzed by using an ad hoc BioPerl script.
RESULTS AND DISCUSSION
Descriptive statistics of OGs. Using the procedures described above, genes of E. coli, Shigella spp., and S. enterica (all 48 strains are listed in Table S1 in the supplemental material) were clustered in 9,916 OGs. For 6,448 genes (singletons), no orthologs were found.
The distribution of the OGs by the number of strains in which they are present has a well-known U-shape form (Fig. 1) . The periphery genes tend to be rare (i.e., present in two to three strains) or almost universal (i.e., absent in few strains). This holds true for the E. coli-plus-Shigella distribution (Fig. 1A ) and for separate distributions of E. coli, Shigella spp., or S. enterica (see Fig.  S1 in the supplemental material). As described previously (26) , one can approximate this distribution by calculating the sum of three exponents corresponding to the unique genome, the periphery, and the universal genome: y(x) ϭ e Ϫ0.53xϩ8.3 ϩ e Ϫ0.02xϩ4.41 ϩ e 0.6xϪ12.27 ( Fig. 1B) . When the same procedure is applied to all 48 genomes, additional peaks appear in the middle (Fig. 1C) . These peaks are generated by genes restricted to S. enterica (the peak at 16 genomes) or E. coli plus Shigella spp. (the peak at 32 genomes). This visually demonstrates the existence of gene pools restricted to specific groups and shows the inhomogeneity of the sample (see, for example, reference 19). In contrast, the absence of peaks for 7 or 25 genomes indicates that E. coli and Shigella spp. have a common pan-genome with virtually no genes restricted to either E. coli or Shigella spp. (also see below). Hence, we will hereafter use "E. coli sensu lato" to refer to Escherichia coli and Shigella clones of E. coli (see, for example, reference 11).
An alternative approximation approach is to describe the Ushape distribution as a sum of two power law functions: y(x) ϭ 4,400x Ϫ1.7 ϩ 1,746(33 Ϫ x) Ϫ1.62 (Fig. 1D) . Here, the first term describes the genes present in a few strains (almost unique), and the second term reflects the distribution of genes present in most genes (almost universal).
To compare the two approximations, we applied a chi-squared statistics. For the sum of two power law functions, the 2 value equals 128, while for the sum of three exponents, it equals 1,909. Since at the same time the number of free parameters in the power law approximation is lower, the sum of two power functions seems to be a better way to describe the distribution of OGs, although the fit is still not perfect.
Since we were mainly interested in functional differences between strains, we excluded from further analysis hypothetical and virus-related genes and added (probably) misannotated genes or recent pseudogenes, found using tblastn (20) . The details are given in Materials and Methods. All subsequent analyses were performed with this modified variant of OGs. Figure 2 summarizes the basic OG statistics and highlights differences between the initial and modified OGs (for E. coli sensu lato). The core genome ( Fig. 2A) of modified OGs contains significantly more genes (a total of 660 genes were added to the core genome of all 48 strains).
The pan-genome is not saturating for both E. coli sensu lato and S. enterica groups (Fig. 2B and Fig. S2B in the supplemental material). The number of new genes observed upon the addition of new genomes ( Fig. 2C and Fig. S2C in the supplemental material) is lower for modified OGs; the last genome adds, on average, 18 genes for modified OGs and 132 for initial ones. There are two reasons for this difference. First, most strain-specific genes are phage or transposon related or hypothetical and not present in modified OGs. Second, some orphans formed OGs after the tblastn search.
Percent pan-genome of E. coli. The narrow definition of the pan-genome size is the number of genes that exist in at least one strain of a given species (see the introduction for details). As shown above, the pan-genome is far from saturation for E. coli and still increasing as new strain sequences become available. However, to characterize the structure of the E. coli pan-genome, we may modify the condition, requiring that a gene is present in at least a fraction of strains. As shown in Fig. 3 (for E. coli sensu lato) , such percentile pan-genomes are saturating fast. The jagged pattern is a consequence of the rounding procedure. We see that about 4,000 genes are present in at least 50% of strains, and this number shows very little change when new strains are added. After the first few strains are processed, only two plots are not saturated: the pan-genome and the core genome sensu stricto. This means that only two percentile intervals are expanding: very rare (mainly unique) genes and almost universal genes present in all but a few strains. Similarly, "soft core" is defined as genes present in 85% of strains was shown to be close to saturation in 186 genomes (27) . Other categories are stable and do not change dramatically.
Comparison of pan-genomes and the pan-genome structure. To characterize the gene distribution in the E. coli sensu lato and S. enterica pan-genomes, we considered the joint distribution of OGs by the number of strains in which they are present (Fig. 4A) . To account for multiple sequencing of very similar strains and mistakes of automated OG prediction, we used relaxed conditions to define pan-genome parts. For example, the highest peak on the chart consists of universal genes that can be found in all strains. However, we considered as universal not only OGs from this peak but also genes from the nine adjacent cells (see Table S2 in the supplemental material for the definition of double pan-genome parts).
We then used GOstat to detect overrepresented functional categories in each pan-genome part ( Table 1 Enterobacteriaceae, such as "aerobic respiration" or metabolic pathways, e.g., "vitamin synthesis."
The opposite corner of the chart in Fig. 4A (with small coordinates at horizontal axes) contains unique genes (the unique genome). Overrepresented functions in the unique genome tend to be plasmid related, e.g., "DNA restriction-modification system" or "response to mercury ion."
Some genes are universal in one genus but absent in the other. For E. coli, the number of such genes is 178 (the smaller peak at the right corner of the chart in Fig. 4A and the adjacent area) . The S. enterica-specific set comprises 479 genes (the left peak and the adjacent area). Although similar genetic signatures have been described before (28), we suggest that a weaker definition is biologically more reasonable, since rare gene loss in one of many strains may be an unstable evolutionary accident.
The S. enterica-specific universal genome is larger than the E. coli-specific one, likely because E. coli strains are phenotypically diverse and may live in different environments (see Table S1 in the supplemental material). The second possible explanation is the larger number of E. coli strains in the data set, because each new strain could decrease, but not increase, the peak's height. However, this technical explanation does not hold, since when E. coli and S. enterica subsamples of same size are compared, the S. enterica-specific genome is still larger (data not shown).
As shown in Table 1 , these genus-specific groups have different overrepresented GO categories. For instance, the common ancestor of E. coli and S. enterica had lost the ability to synthesize cobalamin and, approximately 71 million years ago, the common ancestor of S. arizonae and S. enterica reestablished this ability by horizontal gene transfer (HGT) (29, 30) . As a result, the "cobalamin biosynthetic process" (GO:0009236) overrepresented category can be observed in the S. enterica-specific pan-genome. The most significant GO term for the E. coli-specific universal genome is "transport" (48 of 178 genes). Again, a possible explanation is a more diverse lifestyle of the E. coli strains.
The plateau at the center contains the shared periphery. Here, the number of genes in each cell is small, but overall the shared periphery comprises 324 genes. Few functional categories (in particular "glyoxylate catabolism" and "conjugation") are overrepresented in this group (data not shown). However, when we split this group into almost unique (rare) and almost universal (frequent) shared peripheries, different overrepresented functional categories emerge. The almost-unique common periphery contains functional categories that are overrepresented here and also in unique genomes. We suggest that a significant fraction of such genes are spread by HGT (see below). In contrast, the frequent coli strains (B). Horizontal axes show the numbers of strains in the specified group. Vertical axes show the numbers of OGs present in the given number of strains. The maximal value at the vertical axis is restricted to 950 to show small peaks in more detail, and the height of the universal-genome peak is indicated. periphery contains numerous metabolism genes, likely independently lost by a minority of strains of E. coli and S. enterica.
Some functional categories, e.g., "flagellum," are overrepresented in more that one pan-genome part. It is well known that Shigella strains are nonmotile and have lost flagellar function due to mutations in many different genes (31) . Some flagellar genes are lost in individual Shigella genomes. For example, S. sonnei Ss046 has a flagellin gene (SSON_1193) that has orthologs in all other considered strains except S. dysenteriae Sd197 and three E. coli strains. This results in overrepresentation of the flagellum category among the (32, 33) . Another category overrepresented in several pan-genome parts is "pathogenesis." Many of the analyzed strains are pathogens of humans or animals (see Table S1 in the supplemental material). Genes that are linked to the pathogenesis are overrepresented in the S. enterica-specific genome ("pathogenesis" is the most overrepresented GO term in this pan-genome part that contains Ͼ20% of all pathogenesis genes) and in the E. coli periphery. This is caused by the presence of commensal strains of E. coli in the sample and demonstrates the existence of district mechanisms of pathogenicity in E. coli and S. enterica. All S. enterica strains are strong pathogens, and this set of 32 genes likely defines pathogenesis mechanisms that are common for all S. enterica strains. For instance, orthologs of Salmonella pathogenicity island 1 are absent in E. coli strains. This island has been acquired by the common ancestor of S. enterica and S. bongori (close to 100 to 140 million years ago) and carries a type III secretion system that allows these strains to invade epithelial cells (30).
As described above (Fig. 1C) , we did not observe additional peaks for 7 and 25 genomes of Shigella and non-Shigella strains, respectively. To further demonstrate the homogeneity of the E. coli strains, we compared the pan-genomes of 7 Shigella clones to those of 25 E. coli strains (Fig. 4B) . In this case, group-specific genes are virtually absent, similar to the comparison of commensal and pathogenic E. coli (see Fig. S3A in the supplemental material). It means that there are no gene pool barriers between Shigella clones and other E. coli strains or between commensal and pathogenic E. coli strains.
HGT of the common periphery. Clearly, most universal genes have been vertically inherited (in one genus or in a larger group), and a significant fraction of unique genes have been gained by HGT from other species or are unrecognized prophage or integrated plasmid genes (1, 34, 35) . However, the common periphery of E. coli and S. enterica can consist of both classes of genes. Indeed, the pan-genome of the last common ancestor of E. coli and S. enterica also had a periphery. After separation of the genera, a fraction of the ancestral periphery genes may have remained in the common periphery. Alternatively, a gene may have been gained by one strain of both genera independently and subsequently spread to some related strains by lateral transfer. These two situations (vertical or horizontal origin of common periphery genes) can be resolved based on the gene tree. If a gene had been vertically inherited, one would observe monophyletic E. coli and S. enterica subtrees. Contrariwise, if a gene is spreading horizontally, speciesspecific nodes of the tree may be intermixed. At that, one has to keep in mind that independent gains from related species could still yield a resolved tree.
For each OG, a rooted maximum-likelihood tree was constructed. Sequences found by tblastn were ignored, because these may be pseudogenes with abnormally high evolution rates. We performed this analysis for genes from the rare periphery, the frequent periphery, and the universal genome (see Table S2 in the supplemental material).
If a tree cannot be divided into two monophyletic subtrees, i.e., E. coli sensu lato and S. enterica, this indicates HGT. The statistics of these trees are presented in Table 2 . The fraction of trees with possible HGT ranges from 12% (universal) to 55% (rare periphery). If trees containing paralogs are excluded, the fraction of suspected HGT events decreases, but the trend persists: fewer HGTs for universal genes, more HGTs for frequent periphery, and even more HGTs for rare periphery (Table 2) . Considering unrooted trees, we obtain the same result (Table 2) .
Conclusions. The gene complements of E. coli and Shigella spp. are very similar, and these species cannot be separated into two groups, since they have a common gene pool. This is consistent with the analysis of gene phylogenetic trees (11) . At the same time, despite intensive HGT between Enterobacteriaceae species (36) and specifically between E. coli and S. enterica (35) , the latter maintain stable species-restricted gene pools. Hence, comparative pan-genome analysis complements current sequence-and phenotype-based methods of classifying prokaryotes and provides a new perspective to the understanding of bacterial evolution.
The existence of species-specific, universal genes, reflected in the peaks in Fig. 1C and Fig. 4A , may be used to define species. An analysis of the Vibrionaceae demonstrated that similar considerations may be used to delineate fine taxonomic relationships within a larger taxonomic group (19) .
Genes that are shared between some, but not all, strains naturally form two categories, dependent on the fraction of strains carrying a gene, as shown in Fig. 1D . The genes of the shared periphery may have different evolutionary histories, being inherited vertically from the ancestral pan-genome (mainly genes from the frequent periphery) or transferred horizontally (mainly rare periphery). These groups differ also in functional characteristics, being enriched in different functional classes, both metabolic and structural.
Hence, comparative analysis of genomes allowed for the identification of a new type of genes, shared by some strains in different species. They are to some extent analogous to persisting polymorphisms inherited from a common ancestor by eukaryotes. In the latter case, persistence may be explained by balancing selection or simply insufficient time for fixation of one allele. Methods of population genetics, already applied to the analysis of gene distribution in single pan-genomes (37) , may be used to describe the dynamics of gene gain and loss in bacteria after speciation.
